ABSTRACT-Effects of short-term treatment with basic fibroblast growth factor (FGF), epidermal growth factor (EGF) and nerve growth factor (NGF) on neurite outgrowth of superior cervical ganglia (SCG) in culture or on neuron survival and neovascularization of SCG in a transplantation system were examined in rats. SCG were preincubated with FGF, EGF and/or NGF for 30 min and cultured with drugfree medium for 2 days. FGF or EGF neither promoted neurite outgrowth of SCG nor potentiated the NGF-induced neurite elongation in culture. In the transplantation study, SCG were exposed to these factors for 30 min and grafted into the third ventricle of adult rats for 14 days. Although pretreatment of NGF, FGF, EGF or the combination of NGF and EGF were not effective, there was better neuron survival in SCG grafts pretreated with lug/ml NGF and 1 ,ug/ml FGF together. In addition, density of capillaries in these grafts was significantly greater than in the other group tested. These results suggest that the synergistic interaction between NGF and FGF cause rapid neovascularization, which can prevent neuron death after transplantation.
Intracerebral neural grafting has been experimentally (1, 2) and clinically (3) (4) (5) used for improvement of impaired brain functions. In these cases, transplanted cells were expected to survive for a long time and produce or secrete therapeutically useful substances. Thus, enhancement of neuron survival in the transplant seems to be necessary for functional recovery.
Several studies on the survival of peripheral sympathetic ganglia transplanted into various sites in the central nervous system have been reported. The majority of the transplanted neurons died in a rapid phase of transplantation (6, 7) . Surviving neurons were localized peripherally in the grafted tissues (6) . Neurons transplanted into the choroid fissure, a vesselrich site, exhibited a better survival rate than those into poorly vascularized parenchyma (7) . These facts suggest that survival of transplanted neurons depends largely on a rapid blood supply from host tissues.
Fibroblast growth factor (FGF) is a protein mitogen present in the brain and pituitary (8, *To whom correspondence should be addressed . 9 ). It is known to be mitogenic on capillary endothelial cells and vascular smooth muscle cells (10) . Moreover, FGF promotes the neuron survival of both embryonic and postnatal rat brain cells in culture (11) . In addition, it induces blood vessel capillary growth in vivo (10, 12) . Epidermal growth factor (EGF) is also a potent mitogen originally purified from male mouse submaxillary gland. EGF has been shown to enhance survival and neurite outgrowth of cultured CNS neurons (13) . The present study was designed to elucidate the effects of short-term treatment with FGF or EGF on neovascularization and neuron survival of superior cervical ganglia (SCG) transplanted into the third ventricle in rats. Since we already reported that short-term treatment with nerve growth factor (NGF) enhanced survival of transplanted SCG neurons (14) , effects of short-term treatment with a combination of FGF and NGF or EGF and NGF were also studied. Furthermore, the effects of chronic and/or short-term treatment with FGF or EGF on neurite outgrowth of SCG were studied in vitro.
MATERIALS AND METHODS
Tissue culture SCG were taken from 3 week-old male Wistar rats. Their capsules were removed, and each ganglion was divided into two pieces under an operating microscope. Then they were cultured in media containing FGF (10, 100 ng/ml; bovine recombinant, ARN 12100, Amersham, England) or EGF (1, 10, 100 ng/ml; human recombinant, donated by Wakunaga Pharmaceutical Co., Ltd., Hiroshima, Japan), NGF (10, 100 ng/ml) or a combination of either FGF and NGF or EGF and NGF for 48 hours on 24-well multiplates (Falcon, NJ, U.S.A.) coated with collagen (Cell matrix, Nitta gelatin, Osaka, Japan). The culture medium consisted of Eagle's minimum essential medium with 9.6% horse serum (Gibco, NY, U.S.A.), 5% 9-day chick embryo extract, 0.46% glucose, 0.023% glutamine and 0.08% sodium bicarbonate. NGF was isolated from submandibular glands of adult mice as the 2.5S subunit form according to the procedure of Bocchini and Angeletti (15) . Purity of NGF was checked by polyacrylamide gel electrophoresis. Protein assay was performed by the Bradford method (16) .
To examine the effects of short-term exposure to FGF, EGF and/or NGF, another group of SCG taken from 3 week-old male rats were preincubated in the culture media containing 0.1, 1,ug/ml FGF, 1, 10 ,ug/ml EGF, 1,ug/ml NGF or a combination of FGF and NGF or EGF and NGF for 30 min at room temperature. Then they were rinsed and cultured in growth factor-free medium for 48 hours.
Neurite outgrowth was evaluated under a microscope according to the index described previously (14) .
Transplantation
Male Wistar rats weighing 200-300g were housed in a temperature-controlled room under a normal day and night cycle. Food and water were available ad libitum. Two weeks after castration, they were deeply anesthetized with a mixture of ketamine and xylazine and served as recipients. SCG were taken from 3 week-old rats. After the removal of capsules, each ganglion was divided into two pieces and preincubated with 0.1, 1,ug/ml FGF, 1, 10 ,ug/ml EGF and 1 ,ug/ml NGF; combination of 1 ,ug/ml FGF and 1 ,ug/ml NGF; or combination of 1, 10,ug/ml EGF and 1 ,ug/ml NGF for 30 min at room temperature. Then they were transferred into growth factor-free culture medium and then aspirated into a stainless-steel cannula (O.D. = 1.2, I.D. = 0.8 mm). The cannula was stereotaxically inserted into the third ventricle of a recipient rat according to the atlas of Paxinos and Watson (17) , and then SCG tissue was slowly pushed out into the ventricle. Fourteen days after operation, animals were perfused transcardially with 4% paraformaldehyde dissolved in 0.1 M phosphate buffer, pH 7.4. The removed brains were trimmed to hypothalamic area, dehydrated with graded ethanol and embedded in paraffin. Eight-/um paraffin sections were serially cut and stained with cresylviolet.
The numbers of SCG neurons and capillaries in transplants were counted under a light microscope. Abercrombie's formula (18) was employed for the correction of overcount due to split cell bodies. The area and volume of each graft were calculated with image analysis apparatus.
Analysis of variance (ANOVA) followed by Duncan's test was used for statistics.
RESULTS

Tissue culture
Chronic NGF treatment at the concentration of 10 ng/ml enhanced neurite outgrowth of SCG after 48-hour culture (Fig. 1A) , but neither FGF nor EGF promoted the neurite extension ( Figs. 113 and 2 ). In addition, FGF (100 ng/ml) or EGF (10 and 100 ng/ml) did not potentiate NGF-induced neurite elongation of SCG in culture (Figs. 2 and 3A) .
Thirty-minute short term pretreatment with 1 ,ug/ml NGF promoted neurite outgrowth of SCG after 2-day culture with NGF-free medium (Fig. 313) . Preincubation with FGF (Fig. 3B ) or EGF (data not shown) neither promoted neurite outgrowth nor potentiated NGF-induced neurite elongation.
Transplantation
Preincubation with 1 ,g/ml NGF or 1 ,ug/ml FGF did not enhance neuronal survival in transplants (Fig. 4) . However, SCG pretreated with the combination of 1 u g/ml NGF and 1 ,u g/ml FGF exhibited significantly better neuron survival than those pretreated with drug-free medium (Figs. 4 and 5) . Moreover, density of capillaries in SCG grafts with the same pretreatment was significantly greater than in the other groups tested (Figs. 5 and 6) . A greater number of capillaries were observed in grafts that contacted to the bottom of the third ventricle. In such grafts, many capillaries were observed also in adjacent host tissue. In addition, the diameter of capillaries in these grafts appeared to be larger than that in other groups. On the contrary, EGF (1 and 10 ,ug/ml) or combination of EGF (1 and 10 ,u g/ml) and NGF (1 u g/ml) did not affect the number of surviving neurons (Table 1) nor the number of capillaries (data not shown). 4 . Effect of short-term pretreatment with NU1-and/or FGF on neuronal survival in 3 week-old rat SCG transplants. Three week-old rat SCG were preincubated with NGF and/or FGF or without both drugs (C) for 30 min at room temperature and then transplanted into the third ventricle. Fourteen day,, later, number of surviving neurons/mm3 transplant volume was obtained. Number at the bottom of each column represents the number of animals studied. *a significant difference compared to the control (Duncun's method, P < 0.05).
DISCUSSION
We studied the effects of growth factors on neurite extension using a tissue culture of three week-old rat SCG. The Neurite outgrowth-enhancing effect of either chronic or short term treatment of NGF was again confirmed, but FGF or EGF did not have such an action. Moreover, NGF-induced neurite extension was not affected by these two growth factors. Unsicker et al. indicated that FGF did not promote neuron survival in the dissociated cell culture of newborn rat SCG (19) . In addition, FGF has no evident effect on NGFpromoted SCG neuron survival or neurite outgrowth in a similar culture system (20) . In the tissue culture experiment, the effect of drugs on neurite extension could be assessed fairly independently from that on neuron survival. Our results clearly indicated that FGF and EGF are not effective on the neurite outgrowth of mature peripheral SCG neurons in tissue culture.
Preincubation with NGF (1 mg/ml, NGF1), FGF (1 jig/ml, FGF1), EGF (1, 10 ,ug/ml; EGF1, 10) or combination of EGF (1 or 10 ,u g/ml) and NGF (1 ,u g/ml) did not enhance neuron survival in transplants. However, the combination of FGF (1 ,ug/ml) and NGF (1 ,ug/ml) increased the number of surviving SCG neurons by 33% over that in the control (P < 0.05). In our previous report, a higher NGF dose (10 mg/ml, NGF10) promoted the SCG neuron survival by nearly 110% (14) (control = NGF1 = FGF1 < NGF1 + FGF1 < Fig. 5 . Nissl preparations of 3 week-old rat SCG transplanted into the third ventricle of a castrated adult male rat. A: SCG was preincubated for 30 min at room temperature with drug-free medium and then transplanted into the third ventricle for 14 days. B: SCG was preincubated with a combination of 1 ug/ml NGF and 1 ug/ml FGF and grafted. Numerous number of capillaries with a large diameter (arrow) were observed in the grafted tissue (G). Bar = 110,um. Table 1 . Effect of short-term pretreatment with NGF and/or EGF on neuronal survival in 3-weekold rat SCG transplants Fig. 6 . Effect of short-term pretreatment with NGF and/or FGF on the number of capillaries in grafts. SCG pretreated with NGF and/or FGF or without both drugs (C) for 30 min were grafted into the third ventricle for 14 days. Number of capillaries/mm2 transplant was obtained. The number at the bottom of each column represents the number of animals studied. *significant differences compared to all other groups (Duncun's method, P < 0.05).
Three week-old rat SCG were preincubated with NGF and/or EGF or without both drugs (Control) for 30 min at room temperature and then transplanted into the third ventricle. Fourteen days later, the number of surviving neurons/mm3 transplant volume was obtained and compared with the Control (Mean ± S.E.). The number of surviving neurons in the control group was 4885 ± 1050. NGF10). However, with respect to the degree of vascularization of the transplanted SCG, which will be further discussed later, pronounced neovascularization was observed only in NGF1 + FGF1 treatment and not even in NGF10 (14) (control = FGF = NGFI = NGF10 < NGF1 + FGFI). Furthermore, our preliminary results indicate that a higher concentration of FGF (10 ,g/ml) does not affect the neuron survival nor neovascularization. These results suggest that the mode of interactions between growth factors on the neuron survival and neovascularization is not simple.
Several critical factors have been reported to be necessary for effective survival of transplanted SCG (6, 7), including the age of the donor, neurotrophic factors or vascularization. The host rats used in the current experiment were castrated, because testosterone increases the amount and release of NGF in mice submandibular glands. However, we recently found that castration in rats does not affect the neuron survival of the transplanted SCG (N. Nishiyama et al., unpublished observation), indicating that testosterone is not the critical factor. In contrast, SCG grafted to the choroidal fissure, vessel rich site, or artificial vascular bed resulted in better survival than those grafted to the parenchyma or caudal diencephalon (6) . Surviving neurons were observed in the peripheral area of transplants where perfusion with host blood were rapidly recovered (6, 7). Zhou et al. have demonstrated that more than 72 or 90% of the SCG neurons were dead within 24 hours after transplantation into the choroid fissure or parenchymal septal area, respectively, and that the number of surviving neurons remained fairly constant for several weeks after the initial prompt neuronal death (7) . They also observed the development of the transplant vascularization and found that blood vessels in the transplant were collapsed by 24 hours after transplantation. Two days after transplantation the periphery of the grafted SCG received their blood supply from the host; and from 3 days onwards, virtually all SCG grafts in the choroid fissure were vascularized throughout their full depth with immature vessels. By 1 week, the transplanted ganglia were fully vascularized throughout by a matured capillary system. Thus survival of the intracerebral transplant was supposed to depend mainly on its rapid and efficient vascularization from surrounding host tissue. It could also be the case in our experiments that a rich vascular supply enhanced by pretreatment with a combination of NGF and FGF prevented neuronal death in the transplants, although we did not observe the neuron survival and neovascularization continuously. Enhancement of neovascularization using angiogenic factors like FGF plus NGF may be a new and potentially useful approach to increase the efficiency of transplantation.
The combination of NGF and EGF did not enhance the neovascularization. This indicates that there is some unknown interaction between NGF and FGF, which cannot be mimicked by NGF and EGF. Surprisingly, Matsuda et al. have found that FGF suppresses the NGF-induced activation of choline acetyltransferase (ChAT) activity in cultured septal neurons (21) . Taking our present results together, the interaction between NGF and FGF may not be uniform. In the case of neovascularization, they exhibited a synergistic effect, whereas the ChAT-inducing activity of NGF was antagonized by FGF. Although the former was in situ and the latter was an in vitro experiment, the precise mechanism of this interesting interaction between NGF and FGF remains to be elucidated in the future.
The number of capillaries in the graft pretreated with a combination of NGF and FGF was about two times greater than the control level, but the extent of survival enhancement was less than expected (33%). The reasons may be considered as follows: 1) Transplantation site: SCG transplanted into the ventricle may be nourished from the cerebrospinal fluid (CSF) and initial rapid cell loss, which probably resulted from ischemia, may be less than that in intraparenchymal transplantation. Indeed, CSF can maintain neuronal (22) and non-neuronal (23) cells in culture and the ventricles can be considered to be an "in situ culture chamber". 2) Timing of vascularization: the majority of transplanted SCG neurons were necrotic within 24 hours after transplantation (7) . The blood supply in this initial period is supposed to be critical for graft survival. Neovascularization enhanced by a combination of NGF and FGF might have been established after this period. 3) Selection of donor tissue: peripheral tissues are considered to be more resistant to an ischemic condition than central tissues. Since embryonic central tissues are also considered to be resistant to ischemic condition, the survival of neonatal or older central tissues transplanted 1ntraparenchymally may need to be examined with the same pretreatment.
